The endoplasmic reticulum (ER) is a central organelle for protein biosynthesis, folding, and traffic. Perturbations in ER homeostasis create a condition termed ER stress and lead to activation of the complex signaling cascade called the unfolded protein response (UPR). Recent studies have documented that the UPR coordinates multiple signaling pathways and controls various physiologies in cells and the whole organism. Furthermore, unresolved ER stress has been implicated in a variety of metabolic disorders, such as obesity and type 2 diabetes. Therefore, intervening in ER stress and modulating signaling components of the UPR would provide promising therapeutics for the treatment of human metabolic diseases.
Three branches of the UPR have been characterized in metazoans, and they are mediated by ER-located transmembrane proteins: IRE1 (inositol-requiring protein-1), PERK (protein kinase RNA-like ER kinase), and ATF6 (activating transcription factor-6) ( Fig. 1) . It is noteworthy that there is cross-talk between the UPR and other signaling pathways, such as inflammatory and metabolic signaling, and such profound orchestration is crucial for maintaining proper ER function and physiological homeostasis of cells. Furthermore, an increasing number of studies have shown that UPR signaling and ER stress are associated with pathophysiological and metabolic changes, including obesity, type 2 diabetes, atherosclerosis, heart and liver diseases, and neurodegenerative disorders (1) . In this minireview, we summarize the current understanding of the molecular mechanism of IRE1, PERK, and ATF6 signaling; their integrated networks with other signaling pathways; and also the role of ER stress and UPR signaling in various metabolic disorders.
IRE1 and XBP1 (X-box-binding Protein-1) Signaling Networks and Metabolic Regulation of Lipid and Glucose Homeostasis
IRE1 is the first identified signaling component of the UPR and is evolutionarily conserved from yeast to metazoans (2) . There are two isoforms of IRE1 in mammals, IRE1␣ and IRE1␤. IRE1␣ is ubiquitously expressed (3), whereas IRE1␤ is found primarily in the intestine and lung (4, 5) . The role of IRE1␣ in the mediation of UPR signaling has been clearly established, but the role of IRE1␤ in the UPR is not yet clear. IRE1 is a type I ER-resident transmembrane protein consisting of an ER lumenal domain (sensing protein-folding status) and a cytoplasmic region containing a serine/threonine kinase domain and an RNase domain (2) . Under normal conditions without ER stress, IRE1␣ exists as a monomer associated with GRP78 (glucoseregulated protein of 78 kDa) (6) ; however, upon ER stress, IRE1 forms a homodimer and oligomers, followed by release of GRP78 (6) and/or direct interaction of unfolded proteins with its ER lumenal domain (7) . Dimerization and oligomerization lead to autotransphosphorylation of IRE1 at multiple sites, including phosphorylation of Ser-724 in mammalian IRE1␣ (8) . These phosphorylation events lead to activation of the RNase domain, which selectively excises a 26-base fragment from fulllength XBP1 (unspliced XBP1) mRNA (9) . Splicing of unspliced XBP1 mRNA leads to generation of spliced XBP1 (XBP1s), which encodes a highly active transcription factor called XBP1s protein. Eventually, XBP1s translocates to the nucleus and upregulates the transcriptions of its target genes involved in protein folding, ER biogenesis, and ER-associated degradation ( Fig.  1) (9) . In addition to splicing XBP1 mRNA, IRE1␣ has been recently shown to down-regulate microRNAs and other mRNAs under conditions in which IRE1␣ is activated strongly and for prolonged times. This process is referred to as "regulated IRE1-dependent decay" (RIDD) (10, 11) and has been implicated in various physiologies in the pancreas (11, 12) . IRE1␣ and XBP1 are required for embryonic development;
germ-line deletion of XBP1 or IRE1␣ results in embryonic lethality in mice due to liver hypoplasia (13, 14) or a developmental defect of the heart (15) . IRE1␣ and XBP1 have been characterized as key players in diverse and complex networks, and a number of other signaling components have been shown to interact with IRE1␣ and XBP1s ( Fig. 1 ). For example, during ER stress, IRE1␣ plays a role in activation of inflammatory signaling pathways, including JNK and NF-B. Although the mechanism of IRE1␣ in NF-B activation remains to be clarified, IRE1␣ has been demonstrated to activate the JNK pathway through its physical association with TRAF2 (TNF receptor-associated factor-2) (16) . JIK (JNK inhibitory kinase), ASK1 (apoptosis signaling kinase-1) and AIP1 (ASK1-interacting protein-1) have been further identified to regulate the IRE1␣-JNK pathway (17) (18) (19) . In addition, a genetic study in Caenorhabditis elegans proposed inflammatory p38MAPK as a positive regulator of IRE1-XBP1 signaling (20) . Our group recently demonstrated that p38MAPK enhances XBP1s activity in mice via increased mRNA stability and nuclear transport of XBP1s protein, which is mediated through direct phosphorylation of XBP1s at Thr-48 and Ser-61 (21) . IRE1␣ also activates the NLRP3 inflammasome by enhanced expression of TXNIP (thioredoxin-interacting protein) (12, 22) . Furthermore, several studies have revealed that molecules involved in cell death signaling could regulate IRE1␣ function. Pro-apoptotic Bax and Bak are required for IRE1␣ activity upon ER stress via their physical association (23), whereas BI-1 (Bax inhibitor-1) inhibits IRE1␣ function (24) . Conversely, IRE1 has been proposed to contribute to cell death through various mechanisms, including ASK1-JNK (18), caspase-12 (17), RIDD (11), and TXNIP (12, 22) . Also, certain molecules that are involved in metabolic signaling have been . UPR signaling and its cross-talk mediated by IRE1-XBP1, PERK and ATF6. Upon ER stress, the dissociation of GRP78 from the lumenal domain of IRE1, PERK, and ATF6 initiates UPR signaling. The direct binding of unfolded proteins to IRE1 also activates IRE1-mediated UPR. Active IRE1 selectively splices XBP1 mRNA to produce an active transcription factor (XBP1s) or down-regulates mRNAs or microRNAs (RIDD). Activated PERK phosphorylates eIF2␣ to attenuate global protein translation while selectively augmenting the translation of ATF4 and ATF5. An active form of ATF6 is generated upon cleavage by S1P and S2P after translocation to the Golgi from the ER. There are different cross-talks between UPR signaling components and other signal transduction pathways, such as inflammatory pathways (JNK, NF-B, p38MAPK, and the NLRP3 inflammasome), apoptotic machinery (Bax, Bak, and BI-1), and metabolism (p85␣/␤, FoxO1, CRTC2, and SREBP-2). ERAD, ER-associated degradation.
shown to modulate IRE1 and XBP1 activity. For example, glucagon and protein kinase A, which function contrary to insulin receptor signaling in the liver, have been proposed to activate IRE1␣ (25) . Furthermore, PTP1B (protein-tyrosine phosphatase 1B), a negative regulator of insulin and leptin receptor signaling, has been reported to be required for full activation of IRE1␣ upon ER stress (26) . By contrast, we demonstrated that insulin receptor signaling positively regulates XBP1s activity (27) via physical interaction of the regulatory subunits of PI3K (p85␣/␤) with XBP1s. Interaction of p85␣/␤ with XBP1s facilitates nuclear transportation of XBP1s (27, 28) . Furthermore, XBP1s was shown to directly interact with FoxO1 (Forkhead box protein O1) and lead to its degradation (29) , which suggests that XBP1s has functions other than regulating gene expression as a transcription factor. IRE1 and XBP1s and their cross-talk with other signaling pathways have been suggested to play crucial roles in glucose and lipid metabolism. IRE1-null cells are more responsive to insulin compared with wild-type cells (30) . When IRE1␣ activity was suppressed by RNAi-mediated silencing or by BI-1 overexpression in the liver, hepatic gluconeogenesis was reduced, and glucose tolerance was improved in obese and diabetic mice (25, 31) . In contrast, haploinsufficiency of XBP1 creates ER stress and leads to development of insulin resistance and glucose intolerance upon high fat diet feeding (30) . In obese and diabetic mice, XBP1s fails to translocate to the nucleus in the liver due to impaired association with p85␣/␤ and reduced p38MAPK activity (21, 27) . Ectopic expression of XBP1s in the liver via adenovirus restores glucose tolerance and insulin sensitivity in diabetic mice by suppressing hepatic FoxO1 activity and gluconeogenesis (21, 29) . Furthermore, liver-specific deletion of XBP1 in adult mice at early high fat diet feeding exacerbates glucose intolerance and insulin resistance (29) . In addition to the liver, pancreatic XBP1 was also shown to play a role in glucose homeostasis; ␤ cell-specific deletion of XBP1 in the pancreas decreased insulin processing and secretion from islets, resulting in modest hyperglycemia and glucose intolerance (32) . Seemingly different roles of IRE1␣ and XBP1s in glucose metabolism may stem from distinctive functions of IRE1␣ and XBP1s as exemplified by RIDD or JNK activation by IRE1␣ and inhibition of FoxO1 by XBP1s.
Several recent works have also uncovered the functional role of IRE1␣ in lipid homeostasis. Hepatic suppression of IRE1␣ activity via BI-1 led to development of hepatic steatosis upon high fat diet feeding while decreasing the levels of circulating cholesterol and triglycerides (TGs) (31) . Similarly, liver-specific deletion of IRE1␣ lowered plasma lipid contents but prompted hepatosteatosis possibly due to decreased TG secretion (33) . All of the above demonstrate that IRE1␣ and XBP1s are crucial regulators of glucose and lipid metabolism in tissues such as the liver and pancreas.
PERK Plays Important Roles in ␤ Cell Function
PERK is a type I ER transmembrane protein, and like ATF6, the evolution of PERK started in metazoans (34) . The cytoplasmic kinase domain of PERK shares homology with other eIF2␣ kinases, such as GCN2 (general control non-depressible-2), HRI (heme-regulated inhibitor), and PKR (34) . The ER lumenal domain is structurally homologous and functionally interchangeable with the IRE1␣ lumenal domain, implying a similar stress-sensing mechanism between PERK and IRE1␣ (6) . GRP78 is associated with the PERK monomer, and its dissociation from PERK upon ER stress leads to homodimerization, autotransphosphorylation, and activation of the kinase domain. Consequently, activated PERK phosphorylates eIF2␣ at Ser-51, leading to suppression of the assembly of the ribosomal complex and global protein translation, thus reducing protein load in the ER (Fig. 1) (35) . However, PERK and eIF2␣ phosphorylation selectively facilitates translation of certain transcription factors, such as ATF4 and ATF5; ATF4 increases transcription of genes involved in amino acid metabolism, the oxidative stress response, and apoptosis (36) , and ATF5 enhances the transcription of TXNIP (22) . PERK mediates ER stress-induced apoptosis, and the pro-apoptotic transcription factor CHOP (C/EBP homologous protein) has been proposed as a major mediator of PERK-induced apoptosis (37) . In addition, the PERK pathway has been reported to activate inflammatory signaling; for instance, the PERK-eIF2␣ axis activates the NF-B pathway upon ER stress by suppressing IB␣ (inhibitor of B␣) independently of ATF4 and IB␣ phosphorylation (38, 39) . Furthermore, the PERK pathway also activates the NLRP3 inflammasome via ATF5-mediated TXNIP expression (22) .
Several animal studies have consistently suggested that the PERK pathway is crucial in pancreatic ␤ cell function. PERKnull mice develop growth retardation and metabolic dysfunction, notably hyperglycemia due to loss of pancreatic islets (40, 41) , and such islet dysfunctions were not reported in mice lacking GCN2, HRI, or PKR (42) . The importance of pancreatic PERK in glucose homeostasis has been further supported by the fact that pancreas-specific or endocrine pancreas-specific deletion of PERK also leads to ␤ cell loss and hyperglycemia (41, 43) . Moreover, when PERK expression was reintroduced in ␤ cells of PERKnull mice, the mice became euglycemic and displayed normal ␤ cell mass (43) . PERK has also been found to be important in human islet function; Wolcott-Rallison syndrome, which is a rare genetic disease in humans caused by mutations of PERK, shows notably similar pathologies as in mouse models, including growth retardation, skeletal dysplasia and early-onset diabetes by non-autoimmune-mediated ␤ cell destruction (44) . The eIF2␣ S51A mutation blocks translational inhibition by eIF2␣ kinases, and homozygous eIF2␣ S51A mice show a deficiency in pancreatic ␤ cells as do PERK-null mice but die immediately after birth (45) . Heterozygous eIF2␣ S51A mice are viable and do not show any ␤ cell loss on a high fat diet but still become glucose-intolerant, resulting from reduced insulin folding and secretion (46) . In addition, preventing ER stress-induced ␤ cell death has been shown to be protective under various diabetic conditions in mice; CHOP-null mice maintain better glucose homeostasis than wild-type mice as a result of protection from ␤ cell loss in diet-induced or genetic obesity models and in an ER stress-induced type I diabetes model (Akita mice) (47, 48) .
ATF6 and Regulated Proteolysis: A Role in Glucose Metabolism
ATF6 is a type II ER transmembrane protein and belongs to the family of bZIP transcription factors, which also includes CREBH (cAMP-responsive element-binding protein H). The cytoplasmic domain of ATF6 is a transcription factor, and the ER lumenal domain senses the perturbations in the ER (49) . ATF6 is retained in the ER membrane via its physical association with GRP78 under normal conditions without ER stress. Upon development of perturbations in the ER lumen, the dissociation of GRP78 allows ATF6 to translocate to the Golgi (50), where it is cleaved by S1P (site-1 protease) and S2P in a similar manner as SREBP (sterol regulatory element-binding protein) proteins. Subsequently, the N-terminal domain (cytoplasmic part) is liberated (51) . The released N-terminal ATF6, which is the active transcription factor, translocates to the nucleus and up-regulates the transcription of target genes, including XBP1 (Fig. 1) (49) . Several cross-talks between ATF6 and other signaling pathways have been reported; for example, p38MAPK has been shown to directly phosphorylate ATF6 and to increase its transcriptional activity (52) . Additionally, PGC-1␣ serves as a coactivator of ATF6 and enhances ATF6 activity in muscle (53) . In the liver, CRTC2 (CREB-regulated transcription coactivator-2) augments ATF6 transcriptional activity through their physical association, but conversely, ATF6 suppresses CRTC2 activity as a coactivator of CREB (54) . Heterodimerization between ATF6 and XBP1s enhances their transcriptional activity (55) . Furthermore, ATF6 has been shown to suppress the transcriptional activity of SREBP-2 (56) .
There are two isoforms of ATF6 (ATF6␣ and ATF6␤), which are redundant in their roles in the UPR, and mice deficient in either isoform are born normal (55) . However, deletion of both isoforms together leads to embryonic lethality, suggesting that ATF6 is also crucial in early development (55) . ATF6 has been suggested to have a role in glucose metabolism in the liver and pancreas. When whole body Atf6␣ Ϫ/Ϫ mice are fed high fat diets or crossed with agouti yellow mice, they develop early and more severe glucose intolerance, most likely due to reduced insulin content in the pancreatic ␤ cells (57) . Hepatic ATF6␣ has been demonstrated to attenuate CRTC2 activity and gluconeogenesis (54) , and overexpression of ATF6␣ in the livers of obese and diabetic mice reduces blood glucose and improves glucose tolerance, whereas reduced ATF6␣ expression via RNAi increases blood glucose levels in lean mice (54) . Another ER membrane-bound bZIP transcription factor, CREBH, the expression of which is limited to the liver and small intestine (58, 59) , is activated by S1P-and S2P-mediated cleavage in the Golgi upon ER stress (59) . However, unlike ATF6, CREBH has shown to activate different sets of hepatic genes in the acute phase response (59), iron metabolism (60), gluconeogenesis (61), and TG metabolism (58) . CREBH expression in the liver is increased in obese and diabetic mice, and hepatic overexpression of CREBH raises blood glucose levels, whereas RNAi-mediated depletion of CREBH in the liver reduces blood glucose through direct modulation of gluconeogenic gene transcription (61) . In addition, CREBH-deficient mice show hypertriglyceridemia due to reduced TG clearance (58) .
ER Stress and Leptin and Insulin Resistance
Obesity leads to many debilitating diseases, including insulin resistance and type 2 diabetes, and has become a prevailing disease in the United States and other countries worldwide. In the United States, 69% of the adult population is overweight, and 36% is obese (62) . Leptin is an adipocyte-derived hormone that suppresses appetite and increases energy expenditure through its action on the CNS. Despite high circulating levels of leptin, leptin cannot exert its anti-obesity effects due to the presence of leptin resistance in the obese population. We have previously shown that increased hypothalamic ER stress in obese mice is one of the main mechanisms leading to development of leptin resistance (63) . Indeed, pharmacologically induced ER stress suppresses leptin signaling in the hypothalamus and increases food intake and body weight in mice (63) . Also, neuronal XBP1 deletion creates hypothalamic ER stress and leptin resistance and subsequently promotes weight gain upon high fat diet feeding through increased food intake and decreased energy expenditure (63) . Chemical chaperones, agents that can reduce ER stress, such as 4-phenylbutyric acid (4-PBA) and tauroursodeoxycholic acid (TUDCA), alleviate hypothalamic ER stress and restore leptin responsivity in high fat diet-fed mice, in turn reducing food consumption and body weight (63) .
Obesity leads to insulin resistance in the brain, liver, and adipose tissues (64, 65) . Insulin is produced and secreted from ␤ cells in the pancreas in response to nutrients. Central insulin signaling mainly regulates food intake and body weight (66), whereas peripheral insulin receptor signaling primarily regulates blood glucose levels by suppressing gluconeogenesis in the liver and enhancing glucose uptake in the muscle and adipose tissue and adjusts peripheral storage and breakdown of fat, glycogen, and proteins (65) . ER stress in the brain also contributes to central insulin resistance along with leptin resistance; central administration of insulin does not suppress food intake when acute ER stress is induced in the brain (67) . Peripherally, increased ER stress in the liver and adipose tissues of obese mice has been shown to cause insulin resistance and ultimately type 2 diabetes (30) . Indeed, when heterozygous XBP1-null mice are fed a high fat diet, they display augmented ER stress in the liver and adipose tissues and become more obese, insulin-resistant, and glucose-intolerant compared with wild-type mice (30) . Also, peripheral administration of chemical chaperones alleviates ER stress in the liver and adipose tissues and in turn improves insulin sensitivity and glucose homeostasis in obese and diabetic mice (68) . Furthermore, 4-PBA and TUDCA have been demonstrated to improve insulin sensitivity in human obese subjects, suggesting ER stress and the UPR as potential therapeutic targets for human metabolic diseases (69, 70) .
Various pathologies in obesity have been proposed to contribute to development of ER stress (Fig. 2) ; for example, cholesterol and free fatty acids such as palmitate induce ER stress possibly via increased reactive oxygen species and ER Ca 2ϩ depletion from SERCA (sarco/endoplasmic reticulum calcium ATPase) dysfunction (71, 72) . Indeed, diminished SERCA expression and activity were observed in the livers and macrophages of obese and insulin-resistant mice, which also have higher level of ER stress (73, 74) . Moreover, when SERCA activity in the liver was restored, ER stress was ameliorated, glucose homeostasis and insulin sensitivity were improved, and hepatic lipogenesis and TG accumulation were reduced in obese and diabetic mice (73) . In addition, chronic activation of mTORC1 has been reported in the muscles, adipose tissues, and livers of obese animals, and tuberous sclerosis complex deficiency and subsequent activation of mTORC1 were shown to create ER stress and suppress insulin signaling (75) . In contrast, inhibition of mTORC1 by rapamycin reduces ER stress and improves insulin sensitivity (76) . Recently, decreased XBP1s nuclear translocation and activity due to reduced association with p85␣/␤ and decreased phosphorylation by p38MAPK in the livers of obese mice were shown to play important roles in the development of ER stress in obesity (21, 27) .
Liver Diseases and ER Stress
Nonalcoholic fatty liver disease (NAFLD) and alcoholic fatty liver disease (ALD) are major liver diseases worldwide, encompassing a range of hepatic disorders from steatosis to cirrhosis. There has been a concerning increase in the incidence of NAFLD due to the obesity epidemic. Increased ER stress has been shown to contribute to the development of NAFLD under obesity conditions. Progression of NAFLD is closely associated with increased ER stress and activated UPR signaling (30) . ER stress signaling in hepatocytes was demonstrated to promote lipogenesis through SREBP-1c activation (77) . Livers deficient in ATF6␣ or IRE1␣ are prone to developing steatosis upon acute ER stress or high fat diet feeding (57, 78, 79) . Moreover, chemical chaperone administration or hepatic overexpression of GRP78 or SERCA2b mitigates ER stress and reduces lipogenesis in liver, thus decreasing the risk of developing hepatic steatosis (68, 73, 77) . ALD animal models also display augmented hepatic ER stress and increased rates of apoptosis due partly to increased circulating homocysteine, which is suggested to induce ER stress through interference with proper disulfide bond formation and protein folding (80) . When circulating homocysteine and ER stress were attenuated or CHOP was depleted, mice were protected from alcohol-induced liver injury (80, 81) . Aberrant retention of bile acids in the liver, a condition termed cholestasis, creates toxicity and leads to liver injury, fibrosis, and cirrhosis. Bile acids have been proposed to induce ER stress and cell death in hepatocytes; activated UPR signaling was observed in the livers of mouse models of cholestasis (82, 83) . In addition, whole body CHOP deficiency protects hepatocytes from cholestasis-induced liver damage (83) .
Vascular Diseases: Atherosclerosis and Ischemia
Atherosclerosis, which is the primary cause of heart disease and stroke, initially emerges from subendothelial accumulation of apolipoprotein B lipoproteins, cholesterol, and TGs, which then leads to the recruitment of monocytes and subsequent differentiation into macrophages. Further lipid uptake and oxidation along with inflammation transform these macrophages into foam cells and also increase the apoptosis of macrophages, which eventually creates necrotic cores if the growth of lesions is unresolved (84) . Increased UPR has been observed in vascular endothelial cells, smooth muscle cells, and macrophages in atherosclerotic lesions (72, 85) . Free fatty acids, oxidized lipids, cholesterol, and hyperhomocysteinemia have been proposed to raise ER stress in endothelial cells and macrophages during the progression of atherosclerosis (72, 86, 87) . The apoptotic cell death of macrophages is considered a major pathological event in later stages of atherosclerosis, and ER stress has been suggested as a major inducer of apoptosis through the IRE1␣-JNK pathway and CHOP (72, 88) . Indeed, CHOP-null macrophages are protected from cholesterol-induced cytotoxicity (72) , and CHOP deficiency reduces the atherosclerotic lesion size and cell death (89) .
Atherosclerosis may induce ischemia, in which oxygen and nutrition supply to tissues and organs via blood is restricted, leading to stroke and heart attack (90) . Ischemic conditions such as glucose deprivation have been shown to compromise protein folding and induce ER stress in cultured cells (90) . Accordingly, increased ER stress, CHOP expression, and cell death have been observed in the hippocampus and cardiac myocytes after ischemia (91, 92) . Non-lethal ischemic preconditioning, which increases GRP78 expression, protects the mouse brain from apoptosis after ischemia (92) , and CHOP depletion alleviates ischemic neuronal apoptosis in mice (93) . Similarly, cardiac overexpression of ATF6 or CHOP deletion protects mice from heart injury after ischemia/reperfusion (91, 94) . . ER stress and metabolic disorders. Various stimuli such as increased loads of cholesterol or free fatty acids or chronic activation of mTORC1 activity, hyperhomocysteinemia, and decreased XBP1s activity were shown to cause ER stress under obesity conditions. ER stress leads to the development of obesity through hypothalamic leptin and insulin resistance and contributes to type 2 diabetes via inducing peripheral insulin resistance and increasing hepatic gluconeogenesis. Furthermore, ER stress has been suggested to be involved in various pathologies of metabolic liver diseases (NAFLD, ALD, and cholestasis) and cardiovascular diseases (atherosclerosis and ischemia).
Therapeutic Potential for Treatment of Metabolic Disorders by Modulating ER Stress and UPR
ER stress and UPR signaling have been shown to be involved in the pathology of various diseases, including metabolic disorders. Pharmacological approaches to manipulate them as a treatment for human diseases have been pursued recently. For example, the Food and Drug Administration (FDA) in the United States approved two 26 S proteasome inhibitors, bortezomib (Velcade) and carfilzomib (Kyprolis), for the treatment of multiple myeloma. Both of these drugs lead to the development of higher levels of ER stress in multiple myeloma cells and induce cell death (95) . For metabolic disorders, the chemical chaperones 4-PBA and TUDCA were demonstrated to improve insulin signaling and glucose homeostasis in in vivo mouse models and in human obese and insulin-resistant subjects via ameliorating ER stress (68 -70) .
There have also been recent efforts to develop drugs targeting a specific arm of the UPR. For example, several chemicals have been demonstrated to modulate the RNase activity of IRE1 by directly engaging the cytoplasmic part of IRE1, including the RNase and kinase domains (96, 97) , and some of them have been proposed as potential treatments for multiple myeloma (96) . Also, PERK-specific kinase inhibitors have been explored (98 -100) and shown to inhibit tumor growth in xenograft mouse models (99) and to prevent neurodegeneration in a mouse model of prion disease (100).
In this sense, different approaches to modulate ER stress could be used for the treatment of different diseases. Although reducing ER stress in obesity could have therapeutic potential in insulin resistance and type 2 diabetes, further inducing ER stress could help to fight against cancers.
Conclusions
IRE1, the first signaling arm of the UPR, was identified 2 decades ago; since then, there has been enormous progress in understanding how the UPR components function in response to ER stress at the molecular level. Also, recent work has revealed crucial links between ER stress and different components of metabolic syndrome. Considering that each UPR component contributes diverse metabolic phenotypes, it is important to understand how an individual component of the UPR and its cross-talk with other signaling pathways are involved in the pathogenesis of metabolic diseases. Furthermore, developing specific therapeutics targeting the individual UPR components would be beneficial for the treatment of various metabolic disorders.
